Recently a tachyon DBI action is proposed for describing the non-coincident D p -brane-anti-D p -brane system. For branes separation larger than √ 2π 2 α ′ , the tachyon potential has both false and true vacuums. We shall show that due to the non-standard form of the kinetic term in the effective action, the "overshoot" argument of Coleman does not satisfy. This indicates that for p > 0, the vacuum tunneling from the false to the true vacuum occurs only when the branes separation is smaller than some critical value, and the false vacuum is stable otherwise. 0
Introduction
It was shown by Coleman [1] that in a scalar field theory with potential V (φ) which has both false vacuum, φ f , and true vacuum, φ t (see fig.1 ), and with standard kinetic term, i.e.,
where a is a world volume index, there is always a vacuum tunneling from the false vacuum to the true vacuum. The false vacuum decays via a quantum mechanical tunneling process that leads to the nucleation of bubbles of true vacuum. The semiclassical calculation of the bubble nucleation rate per unit volume, Γ, is given by [1] Γ
where B is obtained from the action of the bounce solution to the Euclideanized field equations. The "overshoot" argument of Coleman [1] guaranties the existence of the bounce solution.
In this argument, he uses the fact that the kinetic term in the action appears in the standard form. Consider the equation of motion of the Euclideanized action for maximal symmetric solution and for p > 0φ
This equation is like the equation of motion of a particle in the potential −V with the time dependent friction term pφ/r (see fig.1 ). The bounce solution is a solution of the above equation that starts with the initial conditionφ(0) = 0 and φ(0) = φ 0 , and approaches φ = φ f at r → ∞. The "overshoot" argument of Coleman is the following: Around the maximum of −V one can safely write V ′ (φ) ∼ µ 2 (φ − φ t ), where µ 2 = V ′′ (φ t ) > 0, hence the above equation can be written in the linear form
In terms of new variable (φ − φ t ) = r (1−p)/2 ψ, this equation converts to Bessel equation
whose solution is Bessel function ψ(r) = I (p−1)/2 (µr). Hence the solution of φ is φ(r) − φ t = Γ( p + 1 2 )(φ(0) − φ t )I (p−1)/2 (µr) 2 µr
Figure 1: A potential V (φ) which has two non-degenerate vacuum φ f and φ t with V (φ t ) < V (φ f ), and potential −V (φ) which appears in the equation of motion of the Euclideanized action.
If initially φ is very close to φ t , it will stay there for long time. After that time it rolls with negligible friction term down the potential −V toward the vacuum φ f which is at lower energy. So there is always a solution that starts at φ(0) ≤ φ t and ends with zero velocity at φ(∞) = φ f . If the kinetic term in (1) was non-standard, one could not write the equation of motion around φ t in linear form, and subsequently the above discussion would not hold.
Recently a tachyon DBI form field theory which has a tachyon potential with both false and true vacuums, has been used to study the vacuum tunneling from false to the true vacuum [2] . The physical process studied in [2] is nucleation of spherical D-branes in the presence of an external RR electric field [3] . Using the description of D-branes as solitons of the tachyon field on non-BPS D-branes, they show that the spherical D-branes nucleation can be understood as the decay of the tachyon false vacuum. Using the fact that the kinetic term in the effective action is not in the standard form, one may ask if there is a bounce solution to the Euclideanized effective action. The authors of [2] show that for electric RR field larger than some critical value, there is a bounce solution very much like the case that the kinetic term is in the standard form. For RR field smaller than the critical value, they show that there is still a bounce solution, however, this solution is very different in compare with the solution when the kinetic term is in the standard form. The bounce solution is such that the field stays at the true vacuum for a while and then suddenly jumps to the false vacuum. This results from the fact that the kinetic term in the effective action is in the DBI form. Another system that is described effectively by a field theory that has potential with both false and true vacuums and has a non-standard kinetic term, is non-coincident Dbrane-anti-D-brane system. The effective field theory of this system is proposed to be a tachyon DBI form [4] . The shape of the effective potential is controlled by the branes separation ℓ. Since the kinetic term is in the non-standard form, one can not use the Coleman argument to guaranty the existence of the bounce solution. So one may ask if there is a bounce solution for all values of ℓ. We shall show in this paper that for ℓ smaller than some critical value, there is always a bounce solution very much like the case when kinetic term is in the standard form. The critical value of ℓ decreases as p increases such that for p = 0 the critical ℓ c is infinity. However, when ℓ is larger than the critical value, we shall show that there is no bounce solution at all, which means the tachyon at false vacuum is stable. The D pDp system in this case decays in another channel by making a throat between the two branes [6] . The tachyon tunneling of D pDp system has been also studied in [5] using two-derivative truncation of the BFST effective action.
In the next section, we review the construction of the DBI form of the effective action of D pDp system. In section 3, we derive the Euclideanized equations of motion with maximal symmetry and solve them numerically. In subsection 3.1, we repeat the analysis of section 3 for a field theory which has the standard kinetic term and has the same potential as the potential of D pDp . The numerical results indicate that in the latter there is a bounce solution for all values of ℓ, in accord with the Coleman argument. However, in the former there is no bounce solution when ℓ is larger than the critical value.
Review of construction of D pDp effective action
In this section we review the construction of the effective action of fixed D-brane-anti-Dbrane [4] . Consider the effective action of one fixed non-BPS D p -brane in type IIA(IIB) theory in flat background [7, 8, 9, 10] :
where
The kink solution of tachyon should be the BPS D p−1 -brane of type IIA(IIB) [11] . The tension of the kink is given by
dT where T 0 is the value of the tachyon potential at its minimum. There are many different tachyon potentials which correctly reproduce the tension of the BPS brane [12, 13] 
One example is the following potential [14, 15] :
This has minimum at T → ±∞ and behaves as
This potential is also consistent with the fact that there is no open string state at the end of the tachyon condensation [16] .
The effective action of N non-BPS D-branes should be the non-abelian extension of the effective action of one non-BPS D-brane [8] . For two fixed non-BPS D-branes and for trivial background, the effective action is [8] 
where the matrix T ab is
and matrix Q i j is
The trace in the action (9) should be completely symmetric between all non-abelian expressions of the form [
, and individual T of the tachyon potential. The matrices X i and T are
where superscripts (11) , (12) [17] . Hence, two non-BPS D p -branes of IIA(IIB) may convert to D p -braneanti-D p -brane of IIB(IIA). This orbifolding changes the matrices (11) to the following:
where we have changed the notation. The superscripts (1) and (2) refer to the open string fields with both ends on brane 1 and 2, respectively. τ (τ * ) refers to the tachyon with one end on brane 1(2) and the other end on brane 2(1). The above matrices satisfy the following relations: where
is the distance between the two branes. The matrix Q i j simplifies to
The inverse of this matrix is
The matrix T ab simplifies to
Note that this matrix is not a real matrix, however, one expects to have a real action after implementing the trace prescription.
Now inserting the expressions (14) and (15) into (9), and performing the symmetric trace, one finds
where the D pDp potential is
where V (|τ |) is the tachyon potential of the original non-BPS D p -brane, e.g., (8) . For ℓ > √ 2π 2 α ′ , the potential has a barrier, see fig.2 . Having two non-degenerate minima for the potential, one may expect that the D pDp system makes a bubble formation by tachyon tunneling through the barrier. In the next section we will study this tunneling.
Bounce solution of D pDp system
The tachyon potential depends only on the amplitude of the complex tachyon, hence , the phase of this field can be held fixed. Writing the complex tachyon as τ = φe iθ , the action (16) for fixed θ becomes
This action can be rewritten as
where we have rescaled the tachyon potential by 2 √ α ′ /T p−1 and T p−1 is the tension of the
The Euclidean action is
such that the false vacuum φ = 0 corresponds to Φ = 0 and the true vacuums φ = ∞ correspond to Φ = 1. In terms of the new field, the action becomes
For tachyon potential (8) , the relation between φ and Φ is sinh(φ/ √ 2) = − tan(πΦ/2) and the function Z(Φ, ℓ) is
For an Euclidean solution with maximal symmetry Φ = Φ(r) where r 2 = x a x a , the action becomes
where A p is the volume of the p-sphere, and the effective one-dimensional action is
where dot denotes the radial derivative.
The equations of motion in the Hamiltonian formulation arė
where Π is related to the conjugate momentum of the field Φ as
Note that Π is bounded between − √ α ′ and √ α ′ . This will play an important role later.
Since L depends explicitly on r for p > 0, system is not conservative. It is still useful to consider the energy: 5 ). Since there is no friction term in this case, the trajectories with initial value Φ(0) > Φ 0 and Φ(0) < Φ 0 are periodic with finite period. The trajectory with initial value Φ(0) = Φ 0 reaches to the point C at infinity. This trajectory is the bounce solution.
Using (23), one can easily show thaṫ
which is zero for p = 0 and is negative for p > 0. This indicates that the last term oḟ Π in (23) plays the role of friction term. The (Π(r), Φ(r)) trajectory for p = 0 case is along the constant E trajectory, and for p > 0 case is along the line that intersects the constant E trajectories. Those trajectories that satisfy the boundary conditions Π(0) = 0 and Φ(∞) = 0 are the bounce solutions.
Consider first the conservative case p = 0. Since there is no friction term in this case, the trajectories with initial value Φ(0) > Φ 0 and Φ(0) < Φ 0 where Φ 0 depends on branes separation ℓ (see equation (27)), are periodic with finite period. The trajectory with initial value Φ(0) = Φ 0 reaches to the point (Π = 0, Φ = 0) at r → ∞( see fig.3 ). This trajectory is the bounce solution The bounce solution satisfies the relation E(Φ(r), Π(r)) = E(0, 0) = − √ 2/π. The initial value of Φ 0 can be found by the equation E(Φ 0 , 0) = −Z(Φ 0 ) = − √ 2/π. For any branes separation, ℓ, there is always a Φ 0 > −1. The relation between ℓ and Φ 0 is
As Φ 0 goes to −1, ℓ goes to infinity. This is consistent with the fact that for p = 0 there is no friction term, hence, there is always a Φ(0) that satisfies the "overshoot/undershoot" argument of Coleman. The corresponding Euclidean action for the bounce solution is given by
which gives a finite value.
Now consider the case p > 0. In this case, for ℓ a bit larger than √ 2π 2 α ′ , all trajectories with initial condition Φ(0) > Φ 0 which we call them T > , will inevitably approach point A 
The maximum and minimum of the potential is independent of ℓ, however, the valley of the potential increases as ℓ increases.
in fig.4 at r → ∞, and those with initial condition Φ(0) < Φ 0 which we call them T < will approach point B. The bounce solution is the trajectory with Φ(0) = Φ 0 which reaches point C at r → ∞. As far as the T < trajectory exists, the bounce solution also exists. This arises from the fact that the initial value of the bounce solution, Φ 0 , is larger than the initial value of the T < trajectories, i.e., −1 < Φ(0) < Φ 0 . However, if there are only T > trajectories for all initial values −1 < Φ(0) < 0, there will be no initial value −1 < Φ 0 < 0 for the bounce solution.
Our numerical results indicate that for, say, p = 1 and for ℓ 2 ∼ 2(2π 2 α ′ ), there are only T > trajectories ( see fig.4 ). This means that after starting from Φ(0) ≃ −1, the particle moves toward the vacuum at Φ = 0, however, it does not reach to this point. It bounces back near the point Φ = 0. For larger values of ℓ, say ℓ 2 ∼ 30(2π 2 α ′ ) the particle bounces back at smaller Φ ( see fig.4 ). Using the fact that the valley of the potential −Z(Φ, ℓ) becomes deeper for larger values of ℓ ( see fig.5 ), the above behaviour of trajectories indicates that the friction term affects the particle during its motion. This is unlike the "overshoot" argument of Coleman that hold for the case that the kinetic term is in the standard form. We shall analysis further this case at the end of the next subsection. 
. In each cases, there is T < trajectory, hence, there is a bounce solution.
D pDp potential with standard kinetic term
Now consider an action with D pDp potential V(φ, ℓ) but with standard kinetic term. In terms of dimensionless potential the action is
Since the kinetic term is in the standard form, the "overshoot/undershoot" argument of Coleman guaranties the existence of the bounce solution for any ℓ > √ 2π 2 α ′ . In order to compare with the previous case, we are going to solve the equations of motion numerically. Changing the field variable (18), the action becomes
where Z(Φ, ℓ) is given in (19) and U(Φ) = √ 2 cos(πΦ/2)/π. For the Euclidean solution with maximal symmetry, the Euclidean action is the same as (21) where the effective onedimensional action is Figure 7 : Plot of friction term pΠ/r (the dotted curve) and Φ (the solid curve) in terms of r for ℓ 2 = 30(2π 2 α ′ ). a) The kinetic term is in the DBI form. b) The kinetic term is in the standard form. In the standard case, the friction term forces the field Φ to stay at its initial value Φ(0) ∼ −1 for a long time, in agreement with the Coleman argument, whereas in the DBI case the field stays at its initial value for a short period of time.
Note that Π is not bounded here. The energy E is
This indicates again that the last term ofΠ in (32) plays the role of friction term. One can solve the Hamiltonian equations (32) numerically. Our results indicate that the T < trajectories exist for any value of ℓ in agreement with the "overshoot" argument of Coleman [1] . In fig.6 , we plot the trajectories T < for ℓ 2 = 1.5(2π 2 α ′ ), ℓ 2 = 2(2π 2 α ′ ), and ℓ 2 = 30(2π 2 α ′ ). Hence, there is a bounce solution in each cases. Figure 8 : Plot of friction term pΠ/r (the dotted curve) and Φ (the solid curve) in terms of r for ℓ 2 = 30(2π 2 α ′ ) and for the period of time that Φ starts to move away from its initial value at Φ(0) ∼ −1. a) The kinetic term is in the DBI form. b) The kinetic term is in the standard form. In the standard case, the friction term is almost zero during this time, whereas in the DBI case the friction term is non-zero.
The reason that for large ℓ there is a bounce solution in this case and no solution for the DBI case is the following: While for the standard case the momentum Π is unbounded, this field is bounded in the DBI case. In both cases the friction term pΠ/r forces the field Φ to stay at its initial value Φ ∼ −1 for a while. During this time Π increases in both cases. In the standard case, the momentum can be increases for a long time, so the friction causes the field Φ stays at its initial value for a long time. In the DBI case, however, the momentum Π can not be increased for a long, so the friction causes the field Φ stays at its initial value for a short period of time. In fig.7 , we plot the friction term pΠ/r and Φ in terms of time r for p = 1. As it indicates, after a rapid increase of friction, in the DBI case this term decreases very soon while in the standard case it decreases in a long time. In fig.8 , we plot the friction term and the Φ for the short period of time when Φ moves away from the initial value Φ(0) ∼ −1. It can be seen clearly that while the friction term during this period is almost zero in the standard case, it is non-zero in the DBI case. In this latter case, the friction term forces the field Φ not to be reached to the point Φ = 0, hence, system avoids to have bounce solution. Therefore, our numerical calculation indicates that while there is always a bounce solution for the standard case, in the DBI case there is a critical ℓ c such that for ℓ > ℓ c there is no bounce solution. The critical ℓ c depends on p. For p = 0, there is no friction term, so ℓ c
